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Abstract 

Infection by different coronaviruses (CoVs) causes alterations in the 
transcriptional and translational patterns, cell cycle, cytoskeleton, 
and apoptosis pathways of the host cells. In addition, CoV infection 
may cause inflammation, alter immune and stress responses, and 
modify the coagulation pathways. The balance between the up- and 
downregulated genes could explain the pathogenesis caused by these 
viruses. We review specific aspects of CoV-host interactions. CoV 
genome replication takes place in the cytoplasm in a membrane- 
protected microenvironment and may control the cell machinery 
by locating some of their proteins in the host cell nucleus. CoVs 
initiate translation by cap-dependent and cap-independent mecha¬ 
nisms. CoV transcription involves a discontinuous RNA synthesis 
(template switching) during the extension of a negative copy of the 
subgenomic mRNAs. The requirement for base-pairing during tran¬ 
scription has been formally demonstrated in arteriviruses and CoVs. 
CoV N proteins have RNA chaperone activity that may help initi¬ 
ate template switching. Both viral and cellular proteins are required 
for replication and transcription, and the role of selected proteins is 
addressed. 
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MHV: mouse 
hepatitis virus 

BCoV: bovine 
coronavirus 

elF: elongation 
initiation factor 
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INTRODUCTION 

Extensive morphological and biochemical 
changes occur in coronavirus (CoV)-infected 
cells. Infection by different CoVs causes al¬ 
terations in the transcription and translation 
patterns, cell cycle, cytoskeleton, and apop¬ 
tosis pathways of the host cell. In addition, 
CoV infection may cause inflammation, alter 
immune and stress responses, and modify the 
coagulation pathways. A few selected changes 
are reviewed in this chapter, with a special fo¬ 
cus on biochemical interactions during CoV 
replication and transcription. 

NOVEL SIGNAL PATHWAY 
ALTERATIONS IN CoV 
INLECTION 

Progress in the study of the effect of CoVs in 
the host has been made mostly with the mouse 
hepatitis virus (MHV) system and, more re¬ 
cently, with the severe and acute respiratory 
syndrome (SARS)-CoV. MHV and SARS- 


CoV infections induce mitogen-activated ki¬ 
nases (MAPKs), especially p38 MAPK(5, 82). 
In addition, activation of AP-1 and weak in¬ 
duction of Akt signaling pathways were found 
after SARS-CoV infection (80, 81). SARS- 
CoV N protein has been involved in the in¬ 
duction of these signaling pathways (45, 117). 
Special attention has been dedicated to the 
study of the cell signaling pathways altered 
after CoV infection and to the relationship 
between these alterations and the effects on 
the host leading to the pathology of disease. 

Effect of CoV Infection on Host Cell 
Transcription and Translation 

CoV infection affects both host cell transcrip¬ 
tion and translation. Interestingly, CoV gives 
rise to mRNAs that are structurally similar to 
those of their eukaryotic hosts, and this al¬ 
lows CoVs to parasitize the host machinery 
to translate the viral mRNA. The compart- 
mentalization of CoV synthesis in virus facto¬ 
ries could shield virus replication against the 
cell degradation induced by the virus. Alterna¬ 
tively, specific factors that interfere with host 
translation or transcription or other factors 
that enhance viral-specific synthesis must be 
responsible for the increase of virus-encoded 
molecules. 

Infection by MHV leads to inhibition, 
but not a complete shutoff, of host pro¬ 
tein translation (4, 120) that is accompa¬ 
nied by an increase of MHV protein syn¬ 
thesis (5, 62). The mechanism of selective 
CoV-specific protein synthesis, which oc¬ 
curs concomitantly with host protein inhibi¬ 
tion in infected cells, is poorly characterized. 
Chimeric mRNAs containing bovine coron¬ 
avirus (BCoV) or MHV leader sequences are 
translated more efficiently in CoV-infected 
cells (104, 120). As N protein binds to this se¬ 
quence, it has been suggested that CoV mR¬ 
NAs bind to N protein, forming a complex 
that may act as a strong translation initiation 
signal (121). Increased phosphorylation of 
elongation initiation factor (eIF)4E in CoV- 
infected cells (5, 82) has also been described 
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as a result of the activation of p38 MAPK. 
Phosphorylated eIF4E has a higher affinity 
for cap structures and eIF4G, and as a re¬ 
sult, this usually leads to enhanced transla¬ 
tion rates (41). Another possible mechanism 
of host cell protein synthesis shutoff in MHV- 
infected cells is the specific cleavage of 28S 
rRNA, an integral component of the 60S ri¬ 
bosome (4). Finally, specific host mRNAs are 
degraded in MHV-infected cells (62), and 
similar results were observed after infection 
with SARS-CoV, with downregulated genes 
involved in the host translational mechanism 
(68). 

Researchers have monitored on a broad 
scale the effect of pathogens on host cell gene 
expression programs by using DNA microar¬ 
rays, which clarify the effect of virus infec¬ 
tion on cell transcriptosome. Alteration of 
the transcription pattern after CoV infec¬ 
tion has been reported mainly for MHV and 
SARS-CoV infection. A comprehensive study 
(123) shows a higher perturbation of cellular 
gene transcription after SARS-CoV infection 
than after infection by human coronavirus 
(HCoV)-229E. In addition to the downreg- 
ulation of genes involved in host cell trans¬ 
lation and maintenance of cytoskeletal net¬ 
work, the upregulation of genes related to 
stress response, proapoptosis, proinflamma¬ 
tion, and procoagulation were observed (68, 
86, 123). The balance between the genes up- 
and downregulated after CoV infection could 
explain the pathogenesis and the differences in 
the severity of illness caused by these viruses 
(see below). 

Effect on Cell Cycle and Apoptosis 

In general, viruses use host cell cycle reg¬ 
ulation for their own replication advantage. 
Each virus promotes a different pattern of 
interference with the host cell cycle. MHV 
infectious bronchitis virus (IBV), transmissi¬ 
ble gastroenteritis virus (TGEV), and SARS- 
CoV infection lead to the accumulation of 
infected cells in the G0/G1 phase (20, 21, 
143). Transcriptional profiling after SARS- 


CoV and HCoV-229E infection shows alter¬ 
ation in genes involved in cell cycle regula¬ 
tion, including upregulation of genes that can 
mediate growth arrest at the G1 phase (123). 
An accumulation of hypophosphorylated 
retinoblastoma protein has been involved 
in the arrest of the cell cycle progression in 
the G0/G1 phase after MHV infection. Four 
viral proteins, nonstructural protein 1 (nspl) 
from MHV (21), SARS-CoV 3 b and 7a pro¬ 
teins (143,144), and N protein (23,139), have 
been proposed as responsible for cell cycle 
arrest. 

Many viruses encode proteins that can 
modulate apoptosis (7, 9, 97). Induction of 
apoptosis in infected cells can contribute di¬ 
rectly to viral pathogenesis, whereas inhibi¬ 
tion of apoptosis can prevent premature death 
of the infected cells, allowing the virus to 
replicate to a high titer or allowing the estab¬ 
lishment of a persistent infection. Infection by 
CoVs, such as TGEV, MHV, and SARS-CoV, 
induces apoptosis in certain cells (3,16, 3 7, 81, 
136). Nevertheless, stimulation of both apop- 
totic and antiapoptotic molecules has been 
described (68, 80, 81, 86, 123). The delicate 
counterbalance of proapoptotic and antiapop¬ 
totic molecules during CoV infection should 
ensure cell survival during the early phase 
of infection to allow rapid multiplication of 
progeny virus before cell lysis occurs. Apopto¬ 
sis induced by CoV infection is tissue specific, 
and this observation may explain the pathol¬ 
ogy of the infection and the effects on the 
host organism. For instance, the data obtained 
show that SARS-CoV infects epithelial cells 
of the enteric tract and induces an antiapop¬ 
totic response that may be important to inhibit 
or delay destruction of infected enterocytes, 
probably leading to an extension of virus pro¬ 
duction and shedding. These findings are con¬ 
sistent with clinical observations demonstrat¬ 
ing a relatively normal endoscopic and micro¬ 
scopic appearance of the intestine in patients 
with SARS (69). On the other hand, CoV 
infection induces apoptosis in other tissues. 
SARS-CoV causes lymphopenia owing to the 
depletion of T lymphocytes by apoptosis 


IBV: infectious 
bronchitis virus 

TGEV: 
transmissible 
gastroenteritis virus 

nsp: nonstructural 
protein 
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(140) or liver impairment owing to hepato- 
cyte apoptosis (19). 

Overexpression of several CoV proteins, 
such as MHV E protein, induces apoptosis 
(3). After SARS-CoV infection, T-cells un¬ 
dergo apoptosis likely owing to the E protein 
interacting directly with the antiapoptotic fac¬ 
tor Bcl-xL (141). Protein 7a from SARS-CoV 
also induces apoptosis by a caspase-dependent 
pathway in several cell lines, including those 
derived from lung, kidney, and liver (122). 

Effect of CoV Infection on Host 
Systems 

CoV infection affects several host systems. 
Functional grouping of altered genes after 
CoV infection showed that more genes in¬ 
volved in inflammation, coagulation, and 
stress are upregulated in SARS-CoV than 
in HCoV-229E infection (123). Of the four 
CoVs known to infect human (HCoV-229E, 
HCoV-OC43, HCoV-NL63, and SARS- 
CoV), the first three are generally associated 
with mild upper respiratory tract infections 
such as the common cold in the immunocom¬ 
petent host. In contrast, SARS-CoV causes 
respiratory failure in more than 60% of af¬ 
fected persons, with a mortality rate of 10%. 
The observed effect on host gene expression 
(123) may help to explain the pathologies 
caused by these CoVs. 

CoV infection leads to the induction of in¬ 
flammation. Several studies have shown that 
the proinflammatory response is increased af¬ 
ter SARS-CoV infection (68, 86, 123, 138). 
For instance, the upregulation of IL-8 expres¬ 
sion (26, 123), consistent with the increase of 
this chemokine in plasma of infected patients 
(138), may be of pathogenic importance, as 
the level of IL-8 has been positively correlated 
with disease severity in pulmonary infection 
by respiratory syncytial vims. In fact, a posi¬ 
tive correlation was found between IL-8 levels 
in blood and alveolar spaces and the number 
of polymorphonuclear neutrophil in bron- 
choalveolar lavage of patients with pneumonia 
and acute respiratory distress syndrome (138). 


Other chemokines upregulated after SARS- 
CoV infection may mediate the chemotaxis 
of lymphocytes and neutrophils, contributing 
to the significant increase in neutrophil firing 
in the lung that may account for the localized 
nature of the response in SARS patients (86). 
Similar results were obtained with MHV, in 
which the neurovirulence of the virus corre¬ 
lated with the upregulation of proinflamma¬ 
tory cytokines. This is associated with the re¬ 
cruitment of lymphocytes and macrophages 
at the site of the infection, which may lead to 
encephalitis (72). 

In contrast, despite the upregulation of IL- 
8 in intestinal epithelial cells, biopsy speci¬ 
mens taken from the colon and terminal ileum 
of patients with SARS failed to demonstrate 
any inflammatory infiltrates (69). Neutrophil 
infiltration in the intestine of SARS patients 
may be limited despite neutrophilia due to 
changes of cytokine and chemokine levels in 
the intestinal environment. It has been ob¬ 
served that SARS-CoV infection inhibited 
production of IL-18 that is constitutively ex¬ 
pressed in intestinal epithelial cells (26). Sup¬ 
pression of IL-18 levels reduced neutrophil 
accumulation in liver and lungs (31). The 
absence of T lymphocyte infiltration of the 
intestine in SARS patients may be a conse¬ 
quence of the profound decline of both CD4 + 
and CD8 + lymphocytes in the blood (30), 
possibly resulting from lymphocyte apopto¬ 
sis. Although macrophage counts were in¬ 
creased in lungs, macrophage infiltration was 
absent from the gut of SARS patients. In 
agreement with this finding, in Caco-2 cells, 
SARS-CoV downregulates migration inhibi¬ 
tion factor (MIF), which is a major factor pro¬ 
duced by intestinal cells in response to micro¬ 
bial infection, regulation of macrophage em¬ 
igration, inflammation, and cell metabolism 
(79). 

Innate immunity probably is essential to 
control CoV infections in vivo. Cytokine pro¬ 
filing after SARS-CoV infection suggested 
an early activation of the innate immunity 
pathway (86). The same observations were 
made after MHV infection (95). IFN-y is 
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critical in resolving MHV infection (91). 
IFNs have significant anti-SARS-CoV effects 
(25, 43, 78), and only immunocompromised 
transgenic mice with impaired IFN responses 
are infected with HCoV-229E (65) or SARS- 
CoV (51). CoVs have developed strategies to 
escape IFN responses. In fact, low levels of 
IFN have been found in SARS patients (86) 
probably owing to the interference of inter¬ 
feron regulatory factor 3 (IRF-3) activation 
(114). 

Blood coagulation genes are also affected 
by SARS-CoV infection. The upregulation of 
several genes has been involved in the acti¬ 
vation of this pathway (86, 123). The result 
leads to a procoagulation profile that mim¬ 
ics the pathological observations. In fact, at 
autopsy, many SARS patients have unusually 
disseminated small vessel thromboses in the 
lungs (40). Vascular damage in various tis¬ 
sues has also been reported (33). Activation 
of the procoagulation pathway in MHV in¬ 
fection resulting in confluent hepatocellular 
necrosis has also been described (32). 

INFLUENCE OF VIRAL AND 
CELLULAR PROTEINS ON CoV 
REPLICATION 

Cell Compartment Distribution of 
CoV Synthesis 

CoV replication employs complex mecha¬ 
nisms that involve viral and cellular proteins. 
Similar to other positive-strand RNA viruses, 
CoV genome replication takes place in the 
cytoplasm in a membrane-protected microen¬ 
vironment that contains all the protein func¬ 
tions required for viral RNA synthesis. Elec¬ 
tron microscopy studies of MHV-infected 
cells have shown that these structures consist 
of double-membrane vesicles (DMVs) (42) 
that are generated possibly by using cellular 
autophagy-related processes (94). The cellu¬ 
lar origin of MHV DMVs is under debate. 
While some data support that DMVs are de¬ 
rived from late endosomal membranes (131), 
other data suggest that DMVs have their ori¬ 


gin in the endoplasmic reticulum (94, 108). 
Structures similar to DMVs have been found 
in SARS-CoV (110) and in the equine arteri¬ 
tis virus (EAV) infection (93), suggesting that 
CoV and arterivirus have a common replica¬ 
tion strategy. The viral replication complex 
associated with these membranes apparently 
includes cellular proteins and up to 16 nsps, 
most of which are derived from the proteolytic 
processing of the replicase polyproteins ppla 
and pplab (110). 

Although CoV replication essentially takes 
place within the cytoplasm, CoVs may con¬ 
trol the cell machinery by locating some of 
their proteins in the host cell nucleus. To date, 
two CoV proteins (N and 3b) (50, 139, 145) 
and another two from arteriviruses (N and 
nspl) (98, 128) have been identified in the 
nucleolus of infected cells. The nucleolus has 
been implicated in many aspects of cell bi¬ 
ology including functions such as ribosomal 
RNA synthesis and ribosome biogenesis, gene 
silencing, senescence, and cell cycle regula¬ 
tion (49). Viruses interact with nucleolar anti¬ 
gens, leading to their redistribution during in¬ 
fection (49). N protein from CoV genera a 
(TGEV), |3 (MHV), and y (IBV) (50,139) and 
also N protein from the arteriviruses porcine 
respiratory and reproductive syndrome virus 
(PRRSV) and EAV (98, 128) localize within 
the nucleolus. This may be a common feature 
among all nidovirus N proteins that influence 
host cell proliferation (139). However, the as¬ 
sociation of N protein with the nucleus may 
be cell dependent, as TGEV N protein has 
been identified in the nucleus of LLC-PK1 
and Vero cells (139), but not in swine testis 
(ST) cells (17). 


DMV: 

double-membrane 

vesicle 

EAV: equine 
arteritis virus 

PRRSV: porcine 
respiratory and 
reproductive 
syndrome virus 


CoV Translation 

Genomes of positive-strand RNA viruses, 
such as members of the Coronaviridae, Fla- 
viviridae, and Togaviridae families, contain 
an m7GpppN-cap structure at the 5' end 
of the mRNA and are presumed to initi¬ 
ate translation in a cap-dependent manner. 
Coronavirus mRNAs have a polycistronic 
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configuration, except for the mRNA encoded 
by the most 3' end of the genome, but usu¬ 
ally only the 5'-terminal open reading frame 
(ORF) on each mRNA is abundantly trans¬ 
lated by a cap-dependent mechanism (64). 
Nevertheless, there is evidence indicating that 
some of the coronavirus mRNAs are bi- 
cistronic (i.e., in SARS-CoV five mRNAs are 
functionally bicistronic) (125) or even tri- 
cistronic (77). These RNAs are translated by a 
variety of cap-independent mechanisms, (a) A 
common coronavirus mechanism of -1 ribo- 
somal frameshifting generates two polypep¬ 
tides of differing abundance from a mRNA 
(6, 12, 13, 47). This mechanism is also used 
by members of other virus families ( Retroviri- 
dae, Astroviridae, and Flaviviridae ) (34). ( b) In¬ 
ternal ribosome entry onto IBV mRNA 3 (7 6, 
77) and MHV mRNA 5 (67, 126) are mech¬ 
anisms used to synthesize a second protein 
of lower abundance from a single transcript, 
(c) Scanning mechanisms synthesize less abun¬ 
dant proteins such as the I protein encoded 
by an ORF internal to the N gene that is ex¬ 
pressed in a 4-1 frameshift in relation to the 
N ORF (39, 103, 105). (d) Downstream en¬ 
try of ribosomes is an alternative translation 
mechanism described to express ORF 3 b of 
some TGEV strains (87). Byway of this mech¬ 
anism the internal entry of ribosomes does 
not depend on an immediate upstream inter¬ 
nal ribosomal entry structure (IRES). In this 
case, the ribosomes enter close to the ORF 
3 b start site by a mechanism that resembles 
shunting. 

Translation can be regulated by viral or cel¬ 
lular factors acting in trans or by nr-acting el¬ 
ements within the 5' UTR (104). It has been 
proposed that preferential translation of viral 
mRNA in MHV-infected cells is stimulated 
in part by the interaction of N protein with 
the tandemly repeated -UCYAA- sequence of 
the leader (120,121), as described above. Pro¬ 
tein synthesis is also dependent upon cellu¬ 
lar translation factors such as the initiation 
factor eIF4F (35). CoV infection affects the 
phosphorylation of eIF4E, which might influ¬ 
ence the synthesis of viral proteins (see Effect 


of CoV Infection on Host Cell Transcription 
and Translation, above). 

Cellular mRNAs contain the cap structure 
at the 5' end and a poly(A) tail at the 3' end. 
Interaction between the 5' and 3' ends of these 
mRNAs increases translation efficiency (99). 
5'-3' linkage is mediated by the interaction 
of the 5'-end-bound eIF4G and the 3'-end- 
bound poly(A) binding protein (PABP) (88). 
CoVs also encode mRNAs with 5' contain¬ 
ing cap structures and 3' poly(A) tails; there¬ 
fore, they may use a communication between 
the 5' and 3' mRNA ends for a more efficient 
translation. Although PABP binding to CoV 
genome 3'-poly(A) affects CoV replication, no 
direct effect in translation has been reported 
(113). 

CoV Genome Replication 

CoV replication and transcription possibly 
require recognition of RNA genome 5' and 
3' ends by viral and cellular proteins. Like 
all other positive-strand RNA viruses, CoV 
genome replication is mediated through the 
synthesis of a negative-strand RNA, which 
in turn is the template for the synthesis of 
progeny virus genomes. Mapping studies with 
MHV defective-interfering (DI) RNAs have 
indicated that 470 nt from the 5' end and 
436 nt from the 3' end are required from 
DI RNA replication (60, 73). Both ends of 
the genome are necessary for positive-strand 
synthesis, whereas only the last 55 nt from 
the 3' end and the poly(A) tail are required 
for the synthesis of negative-strand (74). Be¬ 
cause during the synthesis of the positive- 
strand RNA the 3' end of the genome is the 
last region reached by the viral polymerase, 
the replication signal at the 3' end of the 
genome may interact with signals at the 5' end 
to exert its effect on RNA synthesis. On the 
basis of this information, it has been postu¬ 
lated that the 5' and 3' ends of the genome 
interact during RNA replication (54, 63). 
Similar observations have been made for the 
regulation of MHV subgenomic (sg) mRNA 
transcription (75). 
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Although there is no apparent sequence 
complementarity between the 5' and 3' ends 
of the CoV genome, a direct interaction 
between both ends could be possible, as 
predicted for MHV and TGEV RNA 
genomes in protein-free media using com¬ 
puter programs (52, 106). However, there 
is experimental evidence for MHV (54) and 
TGEV (C. Galan, F. Almazan & L. Enjuanes, 
unpublished information) supporting the idea 
that the cross-talk between the 5' and 3' ends 
is mediated by proteins through RNA-protein 
and protein-protein interactions. Heteroge¬ 
neous nuclear ribonucleoprotein (hnRNP) A1 
has been identified as a major protein species 
binding to nt 90-170 (strongly) and to nt 
260-350 (weakly) from the 3' end of MHV 
RNA. These binding sites are complementary 
to the sites on the negative-strand RNA that 
bind another cellular protein, polypyrimidine 
tract-binding protein (PTB). Furthermore, 
hnRNP A1 and PTB also bind to the comple¬ 
mentary strands at the 5' end of MHV RNA 
and together mediate in vitro the formation of 
a ribonucleoprotein (RNP) complex involv¬ 
ing the 5' and 3' ends of MHV RNA (54, 70, 
71, 146). The functional relevance of hnRNP 
A1 in MHV replication has been established 
by experiments showing that overexpression 
of hnRNP A1 facilitates MHV replication, 
whereas dominant-negative mutants of hn¬ 
RNP A1 reduce replication (107). Further¬ 
more, mutations of the PTB and hnRNP A1 
binding regions also impaired transcription 
of subgenomic RNA (53), suggesting a func¬ 
tional role in replication and transcrip¬ 
tion for the interaction between PTB and 
hnRNP Al. 

CoV N protein forms a RNP com¬ 
plex with genomic RNA. In addition to 
its role in virus assembly (38, 96), N pro¬ 
tein likely has a prominent role in CoV 
replication and transcription, as it influences 
many viral and cellular processes. In fact, 
at early times after infection, CoV N pro¬ 
tein colocalizes with the replication complex 
in DMVs, the site of CoV RNA synthesis 
(11). Furthermore, the presence of N pro¬ 


tein enhances the rescue of infectious virus 
from cDNA clones generated from differ¬ 
ent CoVs, such as IBV (18), HCoV-229E 
(101), and TGEV (142), using RNA in vitro 
transcripts. 

The requirement of N protein for virus 
replication and transcription has been under 
debate. Certain researchers suggest that N 
protein plays a role in CoV RNA synthesis 
(8, 27, 61, 66, 85, 115), whereas others using 
either CoV (124) or arterivirus systems (84) 
claim that N protein is not essential. Using 
TGEV- and HCoV-229E-derived replicons, 
two groups have shown that only background 
levels of CoV RNA synthesis are produced in 
the absence ofN protein (1,101). In these sys¬ 
tems, the presence of N protein either in cis 
or in trans is required for efficient CoV RNA 
synthesis (1). A quantitative analysis of TGEV 
replicon activity showed an increase of more 
than 100-fold when N protein was provided 
in cis, and an increase of more than 1000- 
fold when N protein was provided in trans (1). 
Whether the effect of N protein is at the level 
of replication, transcription, or both remains 
to be determined. 

Despite the variable size of N protein from 
different CoVs, it presents a conserved pat¬ 
tern of secondary structural elements with a 
three-domain organization (90) (Figure 1). 
N protein domains I and III are the most 
unstructured and divergent between CoVs, 
while domain II is more conserved and in¬ 
cludes highly conserved alpha helices and a 
serine-rich domain (14, 17). Several active N 
protein domains have been mapped, such as a 
RNA binding domain (66, 85), the oligomer¬ 
ization domain (44, 118), and the M protein 
binding domain (46, 57), also involved in N 
protein oligomerization. N protein activity 
should be a result of its self-interaction and 
interaction with other viral and cellular pro¬ 
teins and with virus and host cell nucleic acids. 
The phosphorylation state has been proposed 
to regulate N protein functions and to cause 
conformational changes in N protein struc¬ 
ture (22, 83). TGEV (17) and IBV (22) phos- 
phoserine residues have been mapped within 
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Figure 1 

Scheme of N protein from different CoVs. The organization of N protein from four representative CoVs 
of genera a (TGEV), |3 (MHV and SARS-CoV), and y (IBV) is indicated. Conserved predicted 
structural elements are joined by blue shadowing zones. The three-domain organization proposed for 
MHV N protein by P. Masters’ group (90) is indicated as open boxes over MHV N protein (I, II, and III). 
P, phosphorylation sites; <x r , protein domains with highly conserved alpha structure; AA, amino acid; 
NLS, nuclear localization signal; RBD, RNA binding domain; OMD, oligomerization domain; MPBD, 
M protein binding domain; S-S, disulfide bridge. The scale at the bottom indicates the approximate 
amino acid number. 
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the CoV N protein primary and secondary 
structures. SARS-CoV N protein phospho¬ 
rylation has also been demonstrated, but the 
precise amino acid residues involved have not 
been mapped (116). N protein phosphoryla¬ 
tion could affect its secondary structure with 
the introduction of negative charges into a 
basic environment, affecting N protein RNA 
binding activity. 

CoV Transcription 

CoV transcription, and in general transcrip¬ 
tion in the order Nidovirales, is an RNA- 
dependent RNA synthesis that includes a dis¬ 
continuous step during the production of sg 
mRNAs (64, 100). This transcription pro¬ 


cess ultimately generates a nested set of sg 
mRNAs that are 5'- and 3'-coterminal with 
the virus genome. The common 5'-terminal 
leader sequence, which in TGEV has 93 nt, is 
fused to the 5' end of the mRNA coding se¬ 
quence (body) by a discontinuous transcrip¬ 
tion mechanism. Sequences preceding each 
gene represent signals for discontinuous tran¬ 
scription of sg mRNAs. These transcription¬ 
regulating sequences (TRSs) include a con¬ 
served core sequence (CS), which in TGEV 
is (5'-CUAAAC-3') identical for all gene 
CSs of the mRNA body (CS-B), and the 
5' and 3' flanking sequences (5' TRS and 
3' TRS, respectively) that regulate transcrip¬ 
tion (2, 112). As this CS sequence is also 
found at the 3' end of the leader sequence 
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(CS-L), it could base-pair with the nascent 
minus strand complementary to each CS-B 
(cCS-B). In fact, the requirement for base¬ 
pairing during transcription has been formally 
demonstrated in arteriviruses (92, 134) and 
CoVs (147) by experiments in which base¬ 
pairing between CS-L and the complement of 
CS-B was engineered in infectious genomic 
cDNAs. The data obtained are compatible 
with a transcription model that includes three 
steps (Figure 2): (a) formation of transcrip¬ 
tion initiation 5'-3' complexes in the genomic 


RNA, ( b ) basepair scanning of the nascent 
minus-strand RNA by the TRS-L, and 
( c ) template switching during synthesis of the 
negative strand to complete the minus-strand 
sgRNA. Template switching takes place after 
copying the CS sequence and can be predicted 
in silico on the basis of the high base-pairing 
score between the nascent minus-strand RNA 
and the TRS-L and minimum free energy 
(AG) of the duplex formation (112,147). The 
synthesis of sg mRNAs proceeds only when 
the CS is located in an optimal sequence 
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Figure 2 

Three-step working model of CoV transcription. (I) 5 / -3 / complex formation step. Proteins binding the 
5' and 3' end TGEV sequences are represented by ellipsoids. Leader sequence is indicated with a red bar, 
CS sequences are indicated with an orange or yellow bar. An, poly(A) tail. (II) Basepair scanning step. 
Minus-strand RNA is light blue, and positive-strand RNA is dark blue. The transcription complex is 
represented by the hexagon. Vertical dotted bars represent the base-pairing scanning by the TRS-L 
sequence in the transcription process. Vertical solid bars indicate complementarity between the genomic 
RNA (gRNA) and the nascent minus strand. Un, poly(U) tail. (Ill) The synthesis of the negative strand 
can continue to make a longer sgRNA (III), or a template switching step can take place (IIP) as indicated 
in the text. The thick arrow indicates the switch in the template made by the transcription complex to 
complete the synthesis of minus-strand sgRNA. 
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Hel: helicase 

RNA chaperones: 
proteins that bind 
RNA with broad 
specificity and 
decrease die 
activation energy 
required for a 
transition between 
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context (2, 89, 112, 147). Base-pairing be¬ 
tween leader and body beyond the CS is a 
determinant regulation factor in CoV tran¬ 
scription (112). In TRS mutants with increas¬ 
ing complementarity between TRS-L and 
cTRS-B, a tendency to reach a plateau in AG 
values was identified. This observation sug¬ 
gests that a more precise definition of the TRS 
limits, consisting of the central CS and around 
four nucleotides flanking the 5' and 3' ends of 
the CS (112), might be proposed. 

According to the working model of 
transcription proposed by our laboratory 
(Figure 2), the first step would be the for¬ 
mation of a complex in which the leader TRS 
interacts with a transcription complex formed 
by viral and cellular proteins and with the 3' 
end of the genome. Candidate proteins po¬ 
tentially forming the transcription complex 
have been reported by several laboratories. 
On the viral side, essential proteins in tran¬ 
scription should be the RNA-dependent RNA 
polymerase (RdRp), the helicase (Hel), and 
possibly N protein (see above). Other viral 
replicase proteins probably contribute to the 
regulation of transcription and are most 
likely involved in the formation of this com¬ 
plex. MHV RdRp (nspl2) interacts with 
other replicase-encoded products such as nsp4 
(3CLpro), nsp8 (p22), and nsp9 (pl2) (15). 
Biochemical studies have shown that SARS- 
CoV nsp9 is a single-stranded RNA binding 
protein (36, 119). In addition, MHV nsplO 
has been implicated in minus-strand RNA 
synthesis (109). 

A set of three conserved domains (nspl4, 
nspl5, and nspl6) has been identified in 
the C-terminal region of pplab by Sacha 
Gorbalenya bioinformatics analysis. The pre¬ 
dicted activities of these domains are 3'-to-5' 
exonuclease, uridylate-specific endoribonu- 
clease (NendoU), and S-adenosylmethionine- 
dependent ribose 2'-0-methyltransferase 
(2'-0-MT) (111, 135). These domains 

are conserved in CoVs, toroviruses, and 
roniviruses, but only the NendoU domain 
is also conserved in arteriviruses. NendoU 


may play a role in CoV transcription by 
specifically cutting double-stranded RNA 
(transcriptive intermediates) generated dur¬ 
ing the synthesis of the nascent RNA of 
negative polarity. NendoU nuclease has a 
strong preference for cleavage at GU(U) se¬ 
quences in double-stranded RNA substrates 
(58). The GU(U) sequence at the 3' termi¬ 
nus of nascent minus-strand RNAs, which 
corresponds to conserved AAC nucleotides 
in the core of the CoV gene TRS elements, 
might be substrate of this activity. Therefore, 
NendoU activity might be involved in the 
transcription of sg mRNAs. Data from our 
laboratory, in which we analyzed approxi¬ 
mately 90 different sgRNAs generated during 
the mutagenesis of a TGEV CS (147), and 
from another laboratory (101) support the 
functional relevance of the AAC sequence in 
transcription, but further studies are required 
to provide a direct link to transcription 
of enzymes such as the uridylate-specific 
endoribonuclease. 

In addition, viral and cell proteins most 
likely play a role in arterivirus and CoV tran¬ 
scription regulation. EAV nspl has been in¬ 
volved in arterivirus transcription (129, 132) 
and interacts with cellular p 100 (12 7). This in¬ 
teraction might be important for viral sgRNA 
synthesis, either directly or by recruiting a 
pi00 binding protein to the viral RdRp com¬ 
plex. Both nspl and Hel contain zinc bind¬ 
ing domains that could mediate RNA-protein 
interactions (129, 133). In fact, mutagenesis 
in the nspl zinc binding domain affects tran¬ 
scription regulation. 

Regulatory regions of CoV genomic RNA 
interact with at least three proteins: hnRNP 
A1 (71,107), PTB (53,70), and viral N protein 
(8, 115). These proteins may act as mediators 
between the leader TRS and the transcription 
complex at the body TRS. In fact, binding be¬ 
tween hnRNPAl and PTB (54), hnRNP A1 
and N protein (137), and PTB and N pro¬ 
tein (24) has been documented. These inter¬ 
actions may be involved in the formation of 
RNP complexes that function in CoV RNA 
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Figure 3 

RNA chaperone involvement in template switching during CoV transcription. Left panel: Scheme of 
RNA chaperone activity. Right panel: Template switching step and elements involved. RNA chaperone is 
represented by a green ellipsoid. 


synthesis. The N protein of MHV binds the 
leader RNA and is thought to be involved 
in MHV RNA transcription (8, 115). It has 
been proposed that the interaction between 
hnRNP A1 and N proteins brings the leader 
RNA to the CS sequence of the negative- 
strand RNA during sg mRNA transcription. 
In fact, N protein interacts with hnRNP A1 
both in vitro and in vivo (137). Furthermore, 
there are data directly involving hnRNP A1 
and PTB in CoV transcription. The extent 
of hnRNP A1 binding to the complement of 
TRS sequences correlated to the transcription 
efficiency from those TRSs (146) in the MHV 
model. Similarly, binding of PTB to MHV 
RNA leader or to sequences complementary 
to 3'-UTR regions was related to transcrip¬ 
tion efficiency (53, 70). This finding suggests 
that PTB plays a role in regulating viral RNA 
synthesis, and thus the interaction of N pro¬ 
tein with PTB could modulate transcription 
(24). 

Template switching during transcription 
represents a displacement of one sequence 
in the genome acting as a template RNA by 
another template, the leader sequence. RNA 
chaperones may help to overcome the en¬ 
ergy barrier threshold associated with these 
types of processes. RNA chaperones are pro¬ 


teins that bind RNA with broad specificity and 
decrease the activation energy required for a 
transition between two states (28, 48, 102). 
Template switching during CoV transcription 
could be interpreted as a transition between 
two states. In the first state, a duplex between 
the nascent minus-strand RNA and the ge¬ 
nomic positive-strand RNA used as template 
is formed; in the second state, the nascent 
minus-strand RNA is paired with the TRS of 
the leader sequence (Figure 3). RNA chap¬ 
erones could be involved in template switch¬ 
ing by decreasing the energy required for the 
transition front the first to the second duplex. 
RNA chaperones are proteins with the high¬ 
est frequency of long intrinsically disordered 
regions (59). CoV N proteins also are highly 
disordered proteins, and we have shown that 
TGEV and SARS-CoVN proteins have RNA 
chaperone activity in vitro (148). To date, four 
viral RNA chaperones have been described 
and all of them are the nucleocapsid protein 
from RNA viruses: retrovirus (10, 130), hep¬ 
atitis delta virus (55, 56), hepatitis C virus (29), 
and CoVs. The identification of chaperone 
activity in CoV, and its potential involvement 
in template switching during CoV transcrip¬ 
tion, links thermodynamic and molecular as¬ 
pects of CoV transcription. 
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SUMMARY POINTS 


1. Infection by different CoVs causes alterations in the transcription and translation pat¬ 
terns, cell cycle, cytoskeleton, and apoptosis and coagulation pathways of the host cell. 
CoV infection may also cause inflammation and affect immune and stress responses. 
Alteration of gene expression after CoV infection may explain the disease caused by 
these viruses. 

2. CoV infection is initiated by genome translation, a process that takes place by cap- 
dependent and cap-independent mechanisms. 

3. CoV replication involves both viral and cellular proteins and takes place in the cy¬ 
toplasm in a membrane-protected microenvironment. CoVs may control the cell 
machinery by locating some of their proteins in the host cell nucleus. 

4. CoV replication and transcription possibly require cross-talk between the 5' and 3' 
ends, and CoV transcription involves a discontinuous RNA synthesis during the ex¬ 
tension of a negative copy of the sg mRNAs. This process is regulated by TRSs 
preceding each gene. 

5. A model for CoV transcription involving three steps has been proposed: ( a ) formation 
of 5'-3' complexes in the genomic RNA, ( b ) base-pairing scanning of the nascent 
minus-strand RNA by the leader TRS, and ( c ) template switching during synthesis of 
the negative strand to complete the minus-strand sgRNA. 

6. The requirement for base-pairing during transcription has been formally demon¬ 
strated in arteriviruses and CoVs. CoV N proteins have RNA chaperone activity that 
may help initiate template switching. 


ACKNOWLEDGMENTS 

This work was supported by grants from the Ministry of Education and Science of Spain 
(BI02004-00636), the European Community (Frame VI, SP22-CT-2004-511060), and Fort 
Dodge Veterinaria. 


I. Describes the 
relevance of N 
protein in CoV 
replication and 
transcription. 


LITERATURE CITED 

1. Almazan F, Galan C, Enjuanes L. 2004. The nucleoprotein is required for efficient 
coronavirus genome replication. /. Virol. 78:12683-88 

2. Alonso S, Izeta A, Sola I, Enjuanes L. 2002. Transcription regulatory sequences and 
mRNA expression levels in the coronavirus transmissible gastroenteritis virus. J. Virol. 
76:1293-308 

3. An S, Chen CJ, Yu X, Leibowitz JL, Makino S. 1999. Induction of apoptosis in murine 
coronavirus-infected cultured cells and demonstration of E protein as an apoptosis in¬ 
ducer. J. Virol. 73:7853-59 

4. Banerjee S, An S, Zhou A, Silverman RH, Makino S. 2000. RNase L-independent specific 
28S rRNA cleavage in murine coronavirus-infected cells. J. Virol. 74:8793-2 

5. Banerjee S, Narayanan K, Mizutani T, Makino S. 2002. Murine coronavirus replication- 
induced p38 mitogen-activated protein kinase activation promotes interleukin-6 pro¬ 
duction and virus replication in cultured cells. J. Virol. 76:5937-48 


222 


Enjuanes et al. 




Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


6. Baranov PV, Henderson CM, Anderson CB, Gesteland RF, Atkins JF, Howard MT. 
2005. Programmed ribosomal frameshifting in decoding the SARS-CoV genome. Virol¬ 
ogy 332:498-510 

7. Barber GN. 2001. Host defense, viruses and apoptosis. Cell Death Differ. 8:113-26 

8. Baric RS, Nelson GW, FlemingJO, Deans RJ, KeckJG, et al. 1988. Interactions between 
coronavirus nucleocapsid protein and viral RNAs: implications for viral transcription. J. 
Virol. 62:4280-87 

9. Benedict CA, Norris PS, Ware CF. 2002. To kill or be killed: viral evasion of apoptosis. 
Nat. Immunol. 3:1013-18 

10. Bertrand EL, Rossi JJ. 1994. Facilitation of hammerhead ribozyme catalysis by the 
nucleocapsid protein of HIV-1 and the heterogeneous nuclear ribonucleoprotein Al. 
EMBOJ. 13:2904-12 

11. Bost AG, Prentice E, Denison MR. 2001. Mouse hepatitis virus replicase protein com¬ 
plexes are translocated to sites of M protein accumulation in the ERGIC at late times of 
infection. Virology 285:21-29 

12. Bredenbeek PJ, Pachuk CJ, Noten AFH, Charite J, Luytjes W, et al. 1990. The primary 
structure and expression of the second open reading frame of the polymerase gene of 
the coronavirus MHV-A59; a highly conserved polymerase is expressed by an efficient 
ribosomal frameshifting mechanism. Nucleic Acids Res. 18:1825-32 

13. Brierly I, Boursnell MEG, Binns AIM, Bilimoria B, Blok VC, et al. 1987. An efficient 
ribosomal frame-shifting signal in the polymerase-encoding region of the coronavirus 
IBV. EMBOJ. 6:3779-85 

14. Britton P. 1991. Coronavirus motif. Nature 353:394 

15. Brockway SM, Clay CT, Lu XT, Denison MR. 2003. Characterization of the expres¬ 
sion, intracellular localization, and replication complex association of the putative mouse 
hepatitis virus RNA-dependent RNA polymerase. J. Virol. 77:10515-27 

16. Cai Y, Liu Y, Yu D, Zhang X. 2003. Down-regulation of transcription of the proapoptotic 
gene BNip3 in cultured astrocytes by murine coronavirus infection. Virology 316:104-15 

17. Calvo E, Escors D, Lopez JA, Gonzalez JM, Alvarez A, et al. 2005. Phosphorylation 
and subcellular localization of transmissible gastroenteritis virus nucleocapsid protein in 
infected cells. J. Gen. Virol. 86:2255-67 

18. Casais R, Thiel V, Siddell SG, Cavanagh D, Britton P. 2001. Reverse genetics system 
for the avian coronavirus infectious bronchitis virus. J. Virol. 75:12359-69 

19. Chau TN, Lee KC, Yao H, Tsang TY, Chow TC, et al. 2004. SARS-associated viral 
hepatitis caused by a novel coronavirus: report of three cases. Hepatology 39:302-10 

20. Chen CJ, Makino S. 2004. Murine coronavirus replication induces cell cycle arrest in 
G0G1 phase. J. Virol. 78:5658-69 

21. Chen CJ, Sugiyama K, Kubo H, Huang C, Makino S. 2004. Murine coronavirus non- 
structural protein p28 arrests cell cycle in GoGi phase. J. Virol. 78:10410-19 

22. Chen H, Gill A, Dove BK, Emmett SR, Kemp CF, et al. 2005. Mass spectroscopic char¬ 
acterization of the coronavirus infectious bronchitis virus nucleoprotein and elucidation 
of the role of phosphorylation in RNA binding by using surface plasmon resonance. J. 
Virol. 79:1164-79 

23. Chen H, Wurm T, Britton P, Brooks G, HiscoxJA. 2002. Interaction of the coronavirus 
nucleoprotein with nucleolar antigens and the host cell, y Virol. 76:5233-50 

24. Choi KS, Huang P, Lai AIM. 2002. Polypyrimidine-tract-binding protein affects tran¬ 
scription but not translation of mouse hepatitis virus RNA. Virology 303:58-68 

25. CinatiJ, Morgenstern B, Bauer G, Chandra P, Rabenau H, Doerr HW. 2003. Treatment 
of SARS with human interferons. Lancet 362:293-94 


r <www.annualrevieins.org • Coronavirus Replication 225 


Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


26. Cinatl JJ, Hoever G, Morgenstern B, Preiser W, Vogel JU, et al. 2004. Infection of 
cultured intestinal epithelial cells with severe acute respiratory syndrome coronavirus. 
Cell. Mol. Life. Sci. 61:2100-12 

27. Compton SR, Rogers DB, Holmes KV, Fertsch D, RemenickJ, Me. Gowan JJ. 1987. In 
vitro replication of mouse hepatitis virus strain A59 .J. Virol. 69:2 313-21 

28. Cristofari G, Darlix JL. 2002. The ubiquitous nature of RNA chaperone proteins. Prog. 
Nucleic Acid Res. Mol. Biol. 72:223-68 

29. Cristofari G, Ivanyi-Nagy R, Gabus C, Boulant S, Lavergne JP, et al. 2004. The hepatitis 
C virus core protein is a potent nucleic acid chaperone that directs dimerization of the 
viral (4-) strand RNA in vitro. Nucleic Acids Res. 32:2623-31 

30. Cui W, Fan Y, Wu W, Zhang F, Wang JY, Ni AP. 2003. Expression of lymphocytes 
and lymphocyte subsets in patients with severe acute respiratory syndrome. Clin. Infect. 
Dis. 37:857-59 

31. Dinarello CA, Fantuzzi G. 2003. Interleukin-18 and host defense against infection. J. 
Infect. Dis. 187:S370-84 

32. Ding JW, Ning Q, Liu MF, Lai A, Phillips MJ, et al. 1998. Expression of the FGL-2 
gene and its protein product (prothrombinase) in tissues during murine hepatitis virus 
strain 3 (MHV-3) infection. Adv. Exp. Med. Biol. 440:609-18 

33. Ding Y, Wang H, Shen H, Li Z, Geng J, et al. 2003. The clinical pathology of severe 
acute respiratory syndrome (SARS): a report from China. J. Pathol. 200:282-89 

34. Dos Ramos F, Carrasco M, Doyle T, Brierley I. 2004. Programmed -1 ribosomal 
frameshifting in the SARS coronavirus. Biochem. Soc. Trans. 32:1081-83 

35. Edgil D, Harris E. 2005. End-to-end communication in the modulation of translation 
by mammalian RNA viruses. Virus Res. doi:10.1016/j.virusres.2005.10.012 

36. EgloffMP, Ferron F, Campanacci V, Longhi S, Rancurel C, et al. 2004. The severe acute 
respiratory syndrome-coronavirus replicative protein nsp9 is a single-stranded RNA- 
binding subunit unique in the RNA virus world. Proc. Natl. Acad. Sci. USA 101:3792-96 

37. EleouetJF, Chilmonczyk S, Besnardeau L, Laude H. 1998. Transmissible gastroenteritis 
coronavirus induces programmed cell death in infected cells through a caspase-dependent 
pathway.^. Virol. 72:4918-24 

38. Escors D, Camafeita E, Ortego J, Laude H, Enjuanes L. 2001. Organization of two 
transmissible gastroenteritis coronavirus membrane protein topologies within the virion 
and cor e.J. Virol. 75:12228-40 

39. Fischer F, Peng D, Hingley ST, Weiss SR, Masters PS. 1997. The internal open reading 
frame within the nucleocapsid gene of mouse hepatitis virus encodes a structural protein 
that is not essential for viral replication. J. Virol. 1 1:996-1003 

40. Franks TJ, Chong PY, Chui P, Galvin JR, Lourens RM, et al. 2003. Lung pathology of 
severe acute respiratory syndrome (SARS): a study of 8 autopsy cases from Singapore. 
Human Pathol. 34:743-48 

41. Gingras AC, Raught B, Sonenberg N. 1999. eIF4 initiation factors: effectors of mRNA 
recruitment to ribosomes and regulators of translation. Annu. Rev. Biochem. 68:913-63 

42. Gosert R, Kanjanahaluethai A, Egger D, Bienz K, Baker SC. 2002. RNA replication of 
mouse hepatitis virus takes place at double-membrane vesicles. J. Virol. 76:3697-708 

43. Haagmans BL, Kuiken T, Martina BE, Fouchier RA, Rimmelzwaan GF, et al. 2004. 
Pegylated interferon-alpha protects type 1 pneumocytes against SARS coronavirus in¬ 
fection in macaques. Nat. Med. 10:290-93 

44. He R, Dobie F, Ballantine M, Leeson A, Li Y, et al. 2004. Analysis of multimerization of 
the SARS coronavirus nucleocapsid protein. Biochem. Biophys. Res. Connnun. 316:476-83 


224 Enjuanes et al. 


Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


45. He R, Leeson A, Andonov A, Li Y, Bastien N, et al. 2003. Activation of AP-1 signal 
transduction pathway by SARS coronavirus nucleocapsid protein. Biochem. Biophys. Res. 
Commun. 311:870-76 

46. He R, Leeson A, Ballantine M, Andonov A, Baker L, et al. 2004. Characterization of 
protein-protein interactions between the nucleocapsid protein and membrane protein 
of the SARS coronavirus. Virus Res. 105:121-25 

47. Herold J, Raabe T, Schelle-Prinz B, Siddell SG. 1993. Nucleotide sequence of the human 
coronavirus 229E RNA polymerase locus. Virology 195:680-91 

48. Herschlag D. 1995. RNA chaperones and the RNA folding problem. J. Biol. Chem. 
270:20871-74 

49. HiscoxJA. 2002. The nucleolus: a gateway to viral infection? Arch. Virol. 147:1077-89 

50. HiscoxJA, Wurm T, Wilson L, Britton P, Cavanagh D, Brooks G. 2 001. The coronavirus 
infectious bronchitis virus nucleoprotein localizes to the nucleolus. J. Virol. 75:506-12 

51. Hogan RJ, Gao G, Rowe T, Bell P, Flieder D, et al. 2004. Resolution of primary se¬ 
vere acute respiratory syndrome-associated coronavirus infection requires Statl .J. Virol. 
78:11416-21 

52. Holt J, Sgro JY, Zuker M, Palmenberg A. 2004. Computer folding of full-length viral 
genomes: a new toolkit for automated analysis of RNAs longer than 10,000 bases. Seventh 
Int. Symp. Positive Strand RNA Viruses. San Francisco, Calif. 

53. Huang P, Lai MMC. 1999. Polypyrimidine tract-binding protein binds to the comple¬ 
mentary strand of the mouse hepatitis virus 3' untranslated region, thereby altering RNA 
conformation. J. Virol. 73:9110-16 

54. Huang P, Lai MMC. 2001. Heterogeneous nuclear ribonucleoprotein Al binds to the 
3'-untranslated region and mediates potential 5'-3'-end cross talks of mouse hepatitis 
virus RNA. J. Virol. 75:5009-17 

55. Huang ZS, Su WH, Wang JL, Wu HN. 2003. Selective strand annealing and selective 
strand exchange promoted by the N-terminal domain of hepatitis delta antigen. J. Biol. 
Chem. 278:5685-93 

56. Huang ZS, Wu HN. 1998. Identification and characterization of the RNA chaperone 
activity of hepatitis delta antigen peptides. J. Biol. Chem. 273:26455-61 

57. Hurst KR, Kuo L, Koetzner CA, Ye R, Hsue B, Masters PS. 2005. A major determinant 
for membrane protein interaction localizes to the carboxy-terminal domain of the mouse 
coronavirus nucleocapsid protein. J. Virol. 79:13285-97 

58. Ivanov KA, Hertzig T, Rozanov M, Bayer S, Thiel V, et al. 2004. Major genetic 
marker of nidoviruses encodes a replicative endoribonuclease. Proc. Natl. Acad. 
Sci. USA 101:12694-99 

59. Ivanyi-Nagy R, Davidovic L, Khandjian EW, Darlix JL. 2005. Disordered RNA chap¬ 
erone proteins: from functions to disease. Cell. Mol. Life. Sci. 62:1409-17 

60. Kim Y,Jeong Y,Makino S. 1993. Analysis ofor-acting sequences essential for coronavirus 
defective interfering RNA replication. Virology 197:53-63 

61. Kim YN, Makino S. 1995. Characterization of a murine coronavirus defective interfering 
RNA internal ar-acting replication signal. J. Virol. 69:4963-71 

62. Kyuwa S, Cohen M, Nelson G, Tahara SM, Stohlman SA. 1994. Modulation of cellular 
macromolecular synthesis by coronavirus: implication for pathogenesis. J. Virol. 68:6815- 
19 

63. Lai MMC. 1998. Cellular factors in the transcription and replication of viral RNA 
genomes: a parallel to DNA-dependent RNA transcription. Virology 244:1-12 

64. Lai MMC, Cavanagh D. 1997. The molecular biology of coronaviruses. Adv. Virus Res. 
48:1-100 


58. Confirms 
bioinformatic 
predictions on the 
presence of an 
RNA enzymatic 
activity present in 
all nidovirus 
genomes. 


www.annualreviews.org • Cormavirus Replication 


225 




Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


65. Lassnig C, Sanchez CM, Egerbacher M, Walter I, Majer S, et al. 2005. Development of 
a transgenic mouse model susceptible to human coronavirus 229E. Proc. Natl. Acad. Sci. 
USA 102:8275-80 

66. Laude H, Masters PS. 1995. The coronavirus nucleocapsid protein. In The Coronaviridae, 
ed. SG Siddell, pp. 141-58. New York: Plenum 

67. LeibowitzJL, Perlman S, Weinstck G, DeVries JR, Budzilowicz C, et al. 1988. Detection 
of a murine coronavirus nonstructural protein encoded in a downstream open reading 
frame. Virology 164:156-64 

68. Leong WF, Tan HC, Ooi EE, Koh DR, Chow VT. 2005. Microarray and real-time RT- 
PCR analyses of differential human gene expression patterns induced by severe acute 
respiratory syndrome (SARS) coronavirus infection ofVero cells. Microbes Infect. 7:248- 
59 

69. Leung WK, To KF, Chan PK, Chan HL, Wu AK, et al. 2003. Enteric involvement 
of severe acute respiratory syndrome-associated coronavirus infection. Gastroenterology 
125:1011-17 

70. Li HP, Huang P, Park S, Lai MMC. 1999. Polypyrimidine tract-binding protein binds 
to the leader RNA of mouse hepatitis virus and serves as a regulator of viral transcription. 
J. Virol. 73:772-77 

71. Li HP, Zhang X, Duncan R, Comai L, Lai MMC. 1997. Heterogeneous nuclear ribonu- 
cleoprotein Al binds to the transcription-regulatory region of mouse hepatitis virus 
RNA. Proc. Natl. Acad. Sci. USA 94:9544—49 

72. Li Y, Fu L, Gonzales DM, Lavi E. 2004. Coronavirus neurovirulence correlates with 
the ability of the virus to induce proinflammatory cytokine signals from astrocytes and 
microglia. J. Virol. 78:3398-406 

73. Lin YJ, Lai MMC. 1993. Deletion mapping of a mouse hepatitis virus defective in¬ 
terfering RNA reveals the requirement of an internal and discontinuous sequence for 
replication. J. Virol. 67:6110-18 

74. Lin YJ, Liao CL, Lai MMC. 1994. Identification of the cis-acting signal for minus-strand 
RNA synthesis of a murine coronavirus: implications for the role of minus-strand RNA 
in RNA replication and transcription. J. Virol. 68:8131-40 

75. Lin YJ, Zhang X, Wu RC, Lai MMC. 1996. The 3' untranslated region of coronavirus 
RNA is required for subgenomic mRNA transcription from a defective interfering RNA. 
J. Virol. 70:7236-40 

76. Liu DX, Cavanagh D, Green P, Inglis C. 1991. A polycistronic mRNA specified by the 
coronavirus infectious bronchitis virus. Virology 184:531-44 

77. Liu DX, Inglis SC. 1992. Internal entry of ribosomes on a tricistronic mRNA encoded 
by infectious bronchitis virus. J. Virol. 66:6143-54 

78. LoutfyMR, BlattLM, SiminovitchKA, Ward S, Wolff B, etal. 2003. Interferonalfacon-1 
plus corticosteroids in severe acute respiratory syndrome: a preliminary study. JAMA 
290:3222-28 

79. Maaser C, Eckmann L, Paesold G, Kim HS, Kagnoff MF. 2002. Ubiquitous production 
of macrophage migration inhibitory factor by human gastric and intestinal epithelium. 
Gastroenterology 122:667-80 

80. Mizutani T, Fukushi S, Murakami M, Hirano T, Saijo M, et al. 2004. Tyrosine de¬ 
phosphorylation of STAT3 in SARS coronavirus-infected Vero E6 cells. FEBS Lett. 
577:187-92 

81. Mizutani T, Fukushi S, Saijo M, Kurane I, Morikawa S. 2004. Importance of Akt signaling 
pathway for apoptosis in SARS-CoV-infected Vero E6 cells. Virology 327:169-74 


2 2 6 Enjuanes et al. 


Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


82. Mizutani T, Fukushi S, Saijo M, Kurane I, Morikawa S. 2004. Phosphorylation of p38 
MAPK and its downstream targets in SARS coronavirus-infected cells. Biochem. Biophys. 
Res. Commun. 319:1228-34 

83. Mohandas DV, Dales S. 1991. Endosomal association of a protein phosphatase with 
high dephosphorylating activity against a coronavirus nucleocapsid protein. FEBS Lett. 
282:419-24 

84. Molenkamp R, van Tol H, Rozier BC, van der Meer Y, Spaan WJ, Snijder EJ. 2000. 
The arterivirus replicase is the only viral protein required for genome replication and 
subgenomic mRNA transcription. J. Gen. Virol. 81:2491-96 

85. Nelson GW, Stohlman SA, Tahara SM. 2000. High affinity interaction between nucle¬ 
ocapsid protein and leader/intergenic sequence of mouse hepatitis virus RNA. J. Gen. 
Virol. 81:181-88 

86. Ng LF, Hibberd ML, Ooi EE, Tang KF, Neo SY, et al. 2004. A human in vitro model 
system for investigating genome-wide host responses to SARS coronavirus infection. 
BMC Infect. Dis. 4:34 

87. O’Connor JB, Brian DA. 2000. Downstream ribosomal entry for translation of coron¬ 
avirus TGEV gene 3b. Virology 269:172-82 

88. Otero LJ, Ashe MP, Sachs AB. 1999. The yeast poly(A)-binding protein Pablp stimu¬ 
lates in vitro poly(A)-dependent and cap-dependent translation by distinct mechanisms. 
EMBOJ. 18:3153-63 

89. Ozdarendeli A, Ku S, Rochat S, Senanayake SD, Brian DA. 2001. Downstream se¬ 
quences influence the choice between a naturally occurring noncanonical and closely 
positioned upstream canonical heptameric fusion motif during bovine coronavirus subge¬ 
nomic mRNA synthesis. J. Virol. 75:7362-74 

90. Parker MM, Masters PS. 1990. Sequence comparison of the N genes of five strains of the 
coronavirus mouse hepatitis virus suggests a three domain structure for the nucleocapsid 
protein. Virology 179:463-68 

91. Parra B, Hinton DR, Marten NW, Bergmann CC, Lin MT, et al. 1999. IFN-gamma 
is required for viral clearance from central nervous system oligodendroglia. J. Immunol. 
162:1641-47 

92. Pasternak AO, van den Bom E, Spaan WJM, Snijder EJ. 2001. Sequence require¬ 
ments for RNA strand transfer during nidovirus discontinuous subgenomic RNA 
synthesis. EMBOJ. 20:7220-28 

93. Pedersen KW, van der Meer Y, Roos N, Snijder EJ. 1999. Open reading frame la- 
encoded subunits of the arterivirus replicase induce endoplasmic reticulum-derived 
double-membrane vesicles which carry the viral replication complex. J. Virol. 73:2016-2 6 

94. Prentice E, Jerome WG, Yoshimori T, Mizushima N, Denison MR. 2004. Coronavirus 
replication complex formation utilizes components of cellular autophagy. J. Biol. Chem. 
279:10136-41 

95. RempelJD, Murray SJ, MeisnerJ, BuchmeierMJ. 2004. Differential regulation of innate 
and adaptive immune responses in viral encephalitis. Virology 318:381-92 

96. Risco C, Muntion M, Enjuanes L, Carrascosa JL. 1998. Two types of virus-related 
particles are found during transmissible gastroenteritis virus morphogenesis. J. Virol. 
72:4022-31 

97. Roulston A, Marcellus RC, Branton PE. 1999. Viruses and apoptosis. Annu. Rev. Micro¬ 
biol. 53:577-628 

98. Rowland RR, Kervin R, Kuckleburg C, Sperlich A, Benfield DA. 1999. The localization 
of porcine reproductive and respiratory syndrome virus nucleocapsid protein to the 


92. Describes the 
role of the 
transcription¬ 
regulating 
sequences in 
arterivirus 
transcription. 


227 


www.annualreviews.org • Coronavirus Replication 




Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


112. Describes the 
relevance of 
sequence 

complementarity in 
corona virus 
transcription and 
the composition of 
the transcription¬ 
regulating 
sequences. 


nucleolus of infected cells and identification of a potential nucleolar localization signal 
sequence. Virus Res. 64:1-12 

99. Sachs AB, Sarnow P, Hentze MW. 1997. Starting at the beginning, middle, and end: 
translation initiation in eukaryotes. Cell 89:831-38 

100. Sawicki SG, Sawicki DL. 1998. A new model for coronavirus transcription. Adv. Exp. 
Med. Biol. 440:215-19 

101. Schelle B, Karl N, Ludewig B, Siddell SG, Thiel V. 2005. Selective replication of coro¬ 
navirus genomes that express nucleocapsid protein. J. Virol. 79:6620-30 

102. Schroeder R, Barta A, Semrad K. 2004. Strategies for RNA folding and assembly. Nat. 
Rev. Mol. Cell. Biol. 5:908-19 

103. Senanayake SD, Brian DA. 1997. Bovine coronavirus I protein synthesis follows riboso- 
mal scanning on the bicistronic N mRNA. Virus Res. 48:101-5 

104. Senanayake SD, Brian DA. 1999. Translation from the 5' untranslated region (UTR) of 
mRNA 1 is repressed, but that from the 5' UTR of mRNA 7 is stimulated in coronavirus- 
infected cells. J. Virol. 73:8003-9 

105. Senanayake SD, Hofmann MA, Maki JL, Brian DA. 1992. The nucleocapsid protein 
gene of bovine coronavirus is bicistronic. J. Virol. 66:5277-83 

106. Sgro JY, Holt J, Zuker M, Palmenberg A. 2004. RNA folding of the complete SARS and 
MHV coronavirus genomes. Seventh Int. Symp. Positive Strand RNA Viruses. San Francisco, 
California 

107. Shi ST, Huang P, Li HP, Lai MMC. 2000. Heterogeneous nuclear ribonucleoprotein 
A1 regulates RNA synthesis of a cytoplasmic virus. EMBO J. 19:4701-11 

108. Shi ST, Schiller JJ, Kanjanahaluethai A, Baker SC, Oh JW, Lai MMC. 1999. Colo¬ 
calization and membrane association of murine hepatitis virus gene 1 products and de 
novo-synthesized viral RNA in infected cells. J. Virol. 73:5957-69 

109. Siddell SG, Sawicki D, Meyer Y, Thiel V, Sawicki S. 2001. Identification of the mutations 
responsible for the phenotype of three MHV RNA-negative ts mutants. Adv. Exp. Med. 
Biol. 494:453-58 

110. Snijder EJ. 2005. The challenging complexity of nidovirus RNA synthesis. In The 
Nidovirus: Towards Control of SARS and Other Nidovirus Diseases, ed. K Holmes, P Stanley. 
New York: Kluwer Acad./Plenum 

111. Snijder EJ, Bredenbeek PJ, Dobbe JC, Thiel V, Ziebuhr J, et al. 2003. Unique and 
conserved features of genome and proteome of SARS-coronavirus, and early split-off 
from the coronavirus group 2 lineage. J. Mol. Biol. 331:991-1004 

112. Sola I, Moreno JL, Zuniga S, Alonso S, Enjuanes L. 2005. Role of nucleotides 
immediately flanking the transcription-regulating sequence core in coronavirus 
subgenomic mRNA synthesis. J. Virol. 79:2506-16 

113. Spagnolo JF, Hogue BG. 2 000. Host protein interactions with the 3' end of bovine coro¬ 
navirus RNA and the requirement of the poly(A) tail for coronavirus defective genome 
replication. J. Virol. 74:5053-65 

114. Spiegel M, Pichlmair A, Martinez-Sobrido L, CrosJ, Garcia-Sastre A, et al. 2005. Inhibi¬ 
tion of beta interferon induction by severe acute respiratory syndrome coronavirus sug¬ 
gests a two-step model for activation of interferon regulatory factor 3 .J. Virol. 79:2079-86 

115. Stohlman SA, Baric RS, Nelson GN, Soe LH, Welter LM, Deans RJ. 1988. Specific 
interaction between coronavirus leader RNA and nucleocapsid protein. J. Virol. 62:42 8 8- 
95 

116. Surjit M, Kumar R, Mishra RN, Reddy MK, Chow VT, Lai SK. 2005. The severe acute 
respiratory syndrome coronavirus nucleocapsid protein is phosphorylated and localizes 
in the cytoplasm by 14-3-3-mediated translocation. J. Virol. 79:11476-86 


228 Enjuanes et al. 




Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


117. SurjitM, Liu B, Jameel S, Chow VT, Lai SK. 2004. The SARS coronavirus nucleocapsid 
protein induces actin reorganization and apoptosis in COS-1 cells in the absence of 
growth factors. Biochem. J. 383:13-18 

118. Surjit M, Liu B, Kumar P, Chow VT, Lai SK. 2004. The nucleocapsid protein of the 
SARS coronavirus is capable of self-association through a C-terminal 209 amino acid 
interaction domain. Biochem. Biophys. Res. Commun. 317:1030-36 

119. Sutton G, Fry E, Carter L, Sainsbury S, Walter T, et al. 2004. The nsp9 replicase protein 
of SARS-coronavirus, structure and functional insights. Structure 12:341-53 

120. Tahara SM, Dietlin TA, Bergmann CC, Nelson GW, Kyuwa S, et al. 1994. Coronavirus 
translational regulation: leader affects mRNA efficiency. Virology 202:621-30 

121. Tahara SM, Dietlin TA, Nelson GW, Stohlman SA, Manno DJ. 1998. Mouse hepatitis 
virus nucleocapsid protein as a translational effector of viral mRNAs.^lrfo. Exp. Med. Biol. 
440:313-18 

122. Tan YJ, Fielding BC, Goh PY, Shen S, Tan TH, et al. 2004. Overexpression of 7a, 
a protein specifically encoded by the severe acute respiratory syndrome coronavirus, 
induces apoptosis via a caspase-dependent pathway. J. Virol. 78:14043-47 

123. Tang BS, Chan KH, Cheng VC, Woo PC, Lau SK, et al. 2005. Comparative host 
gene transcription by microarray analysis early after infection of the Huh7 cell line 
by severe acute respiratory syndrome coronavirus and human coronavirus 229E. 
J. Virol. 79:6180-93 

124. Thiel V, Herold J, Schelle B, Siddell SG. 2001. Viral replicase gene products suffice for 
coronavirus discontinuous transcription. J. Virol. 75:6676-81 

125. Thiel V, IvanovKA, Putics A, HertzigT, Schelle B, et al. 2003. Mechanisms and enzymes 
involved in SARS coronavirus genome expression. J. Gen. Virol. 84:2305-15 

126. Thiel V, Siddell SG. 1994. Internal ribosome entry in the coding region of murine 
hepatitis virus mRNA 5. J. Gen. Virol. 75:3041-46 

127. Tijms MA, Snijder EJ. 2003. Equine arteritis virus nonstructural protein 1, an essential 
factor for viral subgenomic mRNA synthesis, interacts with the cellular transcription 
cofactor pi00. J. Gen. Virol. 84:2317-22 

128. Tijms MA, van der Meer Y, Snijder EJ. 2002. Nuclear localization of nonstructural 
protein 1 and nucleocapsid protein of equine arteritis virus. J. Gen. Virol. 83:795-800 

129. Tijms MA, van Dinten LC, Gorbalenya AE, Snijder EJ. 2001. A zinc finger-containing 
papain-like protease couples subgenomic mRNA synthesis to genome translation in a 
positive-stranded RNA virus. Proc. Natl. Acad. Sci. USA 98:1889-94 

130. Tsuchihashi Z, Brown PO. 1994. DNA strand exchange and selective DNA annealing 
promoted by the human immunodeficiency virus type I nucleocapsid protein. J. Virol. 
68:5863-70 

131. van der Meer Y, Snijder EJ, DobbeJC, Schleich S, Denison MR, et al. 1999. Localization 
of mouse hepatitis virus nonstructural proteins and RNA synthesis indicates a role for 
late endosomes in viral replication. J. Virol. 73:7641-57 

132. van Dinten LC, den BoonJA, Wassenaar ALM, Spaan WJM, Snijder EJ. 1997. An infec¬ 
tious arterivirus cDNA clone: identification of a replicase point mutation that abolishes 
discontinuous mRNA transcription. Proc. Natl. Acad. Sci. USA 94:991-96 

133. van Dinten LC, van Tol H, Gorbalenya AE, Snijder EJ. 2000. The predicted metal¬ 
binding region of the arterivirus helicase protein is involved in subgenomic mRNA 
synthesis, genome replication, and virion biogenesis. J. Virol. 74:5213-23 

134. van Marie G, DobbeJC, Gultyaev AP, Luytjes W, Spaan WJM, Snijder EJ. 1999. 
Arterivirus discontinuous mRNA transcription is guided by base pairing between 


123. Provides a 
comprehensive link 
between the genes 
up- and 
downregulated 
after coronavirus 
infection. 


134. describes the 
role of sequence 
complementarity in 
arterivirus 
transcription. 


www.annualreviews.org • Coronavirus Replication 


229 






Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


147. Describes the 
role of the 
transcription¬ 
regulating 
sequences in CoV 
transcription that 
proposes a working 
model to study this 
process. 


sense and antisense transcription-regulating sequences. Proc. Natl. Acad. Sci. USA 
96:12056-61 

135. von Grotthuss M, Wyrwicz LS, Rychlewski L. 2003. mRNA cap-1 methyltransferase in 
the SARS genome. Cell 113:701-2 

136. Wang Y, Detrick B, Yu ZX, Zhang J, Chesky L, Hooks JJ. 2000. The role of apoptosis 
within the retina of coronavirus-infected mice. Invest. Ophthalmol. Vis. Sci. 41:3011-18 

137. Wang Y, Zhang X. 1999. The nucleocapsid protein of coronavirus mouse hepatitis vims 
interacts with the cellular heterogeneous nuclear ribonucleoprotein A1 in vitro and in 
vivo. Virology 265:96-109 

138. Wong CK, Lam CW, Wu AK, Ip WK, Lee NL, et al. 2004. Plasma inflammatory 
cytokines and chemokines in severe acute respiratory syndrome. Clin. Exp. Immunol. 
136:95-103 

139. Wurm T, Chen H, Hodgson T, Britton P, Brooks G, HiscoxJA. 2001. Localization to 
the nucleolus is a common feature of coronavirus nucleoproteins, and the protein may 
disrupt host cell division. J. Virol. 75:9345-56 

140. Yang M, Li CK, Li K, Hon KL, Ng MH, et al. 2004. Hematological findings in SARS 
patients and possible mechanisms (review), hit. J. Mol. Med. 14:311-15 

141. Yang Y, Xiong Z, Zhang S, Yan Y, Nguyen J, et al. 2005. Bcl-xL inhibits T-cell apoptosis 
induced by expression of SARS coronavirus E protein in the absence of growth factors. 
Biochem.J. 392:135-43 

142. Yount B, Curtis KM, Baric RS. 2000. Strategy for systematic assembly of large RNA and 
DNA genomes: the transmissible gastroenteritis virus model. J. Virol. 74:10600-11 

143. Yuan X, Shan Y, Zhao Z, Chen J, Cong Y. 2005. G0/G1 arrest and apoptosis induced 
by SARS-CoV 3 b protein in transfected cells. Virol. J. 2:66 

144. Yuan X, Wu J, Shan Y, Yao Z, Dong B, et al. 2006. SARS coronavirus 7a protein blocks 
cell cycle progression at G0/G1 phase via the cyclin D3/pRb pathway. Virology 346:74—85 

145. Yuan X, Yao Z, Shan Y, Chen B, Yang Z, et al. 2005. Nucleolar localization of nonstruc- 
tural protein 3 b, a protein specifically encoded by the severe acute respiratory syndrome 
coronavirus. Virus Res. 114: 70-79 

146. ZhangX, Lai MMC. 1995. Interactions between the cytoplasmic proteins and the inter- 
genic (promoter) sequence of mouse hepatitis vims RNA: correlation with the amounts 
of subgenomic mRNA transcribed. J. Virol. 69:1637—4-4 

147. Zuniga S, Sola I, Alonso S, Enjuanes L. 2004. Sequence motifs involved in the reg¬ 
ulation of discontinuous coronavirus subgenomic RNA synthesis. J. Virol. 78:980- 
94 

148. Zuniga S, Sola I, Moreno JL, Alonso S, Enjuanes L. 2006. Regulation of coronavirus tran¬ 
scription: viral and cellular proteins interacting with transcription-regulating sequences. 
Adv. Exp. Med. Biol. 581:31-35 


RELATED RESOURCES 


Enjuanes L. 2005. Coronavirus Replication and Reverse Genetics. Berling: Springer 
Enjuanes L, Almazan F, Ortego J. 2003. Virus-based vectors for gene expression in mammalian 
cells: coronavirus. In Gene Transfer and Expression in Mammalian Cells, ed. SC Makrides, 
pp. 151-68. New York: Elsevier 

Pasternak AO, Spaan WJM, Snijder EJ. 2006. Nidovims transcription: how to make sense? J. 
Gen. Virol. 87:1403-21 


25O 


Enjuanes et al. 





Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 



Annual Review of 
Microbiology 

Volume 60, 2006 


Contents 


Frontispiece 

Dale Kaiser .xvi 

A Microbial Genetic Journey 

Dale Kaiser .1 

Radical En 2 ymes in Anaerobes 

Wolfgang Bucket and Bernard T. Golding .27 


The Structural and Functional Role of RNAin Icosahedral 
Virus Assembly 


Anette Schneemann .51 

The Biology of the Cryptococcus neoformans Species Complex 

Xiaorong Lin and Joseph Heitman .69 

Arsenic and Selenium in Microbial Metabolism 

John F. Stolz, Partha Basu, Joanne M. Santini, and Ronald S. Oremland .107 

Curli Biogenesis and Function 

Michelle M. Barnhart a?id Matthew R. Chapman .131 

Uranium Reduction 

Judy D. Wall and Lee R. Krumholz .149 

Francisella tularensis-. Taxonomy, Genetics, and Immunopathogenesis 
of a Potential Agent of Biowarfare 

Molly K. McLendon , Michael A. Apicella, and Lee-A?in H. Allen .167 

Manganese Transport and the Role of Manganese in Virulence 

Krisztina M. Papp-Wallace and Michael E. Maguire .187 

Biochemical Aspects of Coronavirus Replication and Virus-Host 
Interaction 

Luis Enjuanes, Fernando Almazdn, Isabel Sola, and Sonia Zuniga .211 

Environmental Stress and Lesion-Bypass DNA Polymerases 

Takehiko Nohmi .231 


VI 















Annu. Rev. Microbiol. 2006.60:211-230. Downloaded from www.annualreviews.org 
by Georgetown University on 05/16/13. For personal use only. 


Environmental Biology of the Marine Roseobacter Lineage 

Irene Wagner-Dobler and Hanno Biebl .255 

Defining Virulence Genes in the Dimorphic Fungi 

Chad A. Rapp ley e and William E. Goldman .281 

Structure and Function of RNA Replication 

Juan Ortln and Francisco Parra .305 

Streamlining and Simplification of Microbial Genome Architecture 

Michael Lynch .327 

DnaA: Controlling the Initiation of Bacterial DNA Replication 
and More 

Jon M. Kaguni .351 

The Bacterial Twin-Arginine Translocation Pathway 

Philip A. Lee, Danielle Tullman-Ercek, and George Georgiou .373 

Surface Proteins of Gram-Positive Bacteria and How They Get There 

June R. Scott and Timothy C. Barnett .397 

Subterfuge and Manipulation: Type III Effector Proteins of 
Phytopathogenic Bacteria 

Sarah R. Grant, Emily J. Fisher, Jeff H. Chang, Beth M. Mole, 

and Jeffery L. Dangl .425 

Induction of Competence Regulons as a General Response to Stress in 
Gram-Positive Bacteria 

Jean-Pierre Claverys, Marc Prudhomme, and Bernard Martin .451 

Origin of Mutations Under Selection: The Adaptive Mutation 
Controversy 

John R. Roth, Elisabeth Kugelberg, Andrew B. Reams, Eric Kofoid, 

and Dan I. Andersson .477 

Virus Counterdefense: Diverse Strategies for Evading the 
RNA-Silencing Immunity 

Feng Li and Shou-Wei Ding .503 

Understanding Microbial Metabolism 

Diana M. Downs .533 

Multilocus Sequence Typing of Bacteria 

Martin C.J. Maiden .561 


Contents vii 















